Hepatitis delta virus (HDV) can dramatically worsen liver disease in patients coinfected with hepatitis B virus (HBV). No effective medical therapy exists for HDV. The HDV envelope requires HBV surface antigen proteins provided by HBV. Once inside a cell, however, HDV can replicate its genome in the absence of any HBV gene products. In vitro, HDV virion assembly is critically dependent on prenyl lipid modification, or prenylation, of its nucleocapsid-like protein large delta antigen. To overcome limitations of current animal models and to test the hypothesis that pharmacologic prenylation inhibition can prevent the production of HDV virions in vivo, we established a convenient mouse-based model of HDV infection capable of yielding viremia. Such mice were then treated with the prenylation inhibitors FTI-277 and FTI-2153. Both agents were highly effective at clearing HDV viremia. As expected, HDV inhibition exhibited duration-of-treatment dependence. These results provide the first preclinical data supporting the in vivo efficacy of prenylation inhibition as a novel antiviral therapy with potential application to HDV and a wide variety of other viruses.
Introduction
Hepatitis delta virus (HDV) is an important cause of acute and chronic liver disease (1) (2) (3) (4) (5) for which there is no effective medical therapy. Here we sought to test the hypothesis that specific insights gained from the study of HDV molecular virology can be translated into a novel type of in vivo antiviral therapy.
The HDV virion is composed of three general elements: an RNA genome, delta antigens -the only proteins known to be encoded by the genome -and an envelope that surrounds the other two elements.
The lipid envelope is embedded with hepatitis B virus (HBV) surface antigen (HBsAg) proteins that are provided by a coinfecting HBV. They provide a means of exit and, presumably, entry for HDV, and this explains why delta infections are always found in the presence of a coexisting HBV infection (3, 6) . Once inside a cell, however, HDV can replicate its genome in the absence of any HBV gene products (7) (8) (9) . The HDV genome is a 1.7-kb single-stranded circular molecule (10) . There are two major isoforms of delta antigen, termed small and large (4) . They are identical in sequence, except that the large delta antigen has an extra 19 amino acids at its C terminus.
The presence of these extra C-terminal amino acids dramatically changes the function of delta antigen. For example, while the small delta antigen promotes HDV genome replication, the large delta antigen is a potent transdominant inhibitor (11) (12) (13) . The two isoforms also have differences in their ability to transactivate heterologous genes (14, 15) . Perhaps the most striking functional difference between these isoforms has emerged from studies of HDV assembly.
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isoforms are found in mature virions, only the large delta antigen is capable of promoting particle formation with the HBsAg envelope proteins; the small delta antigen alone cannot (16) (17) (18) . The molecular basis for this selective role in assembly lies within the 19 amino acids unique to large delta antigen. In particular, the last four amino acids constitute a "CXXX box," where C = cysteine and X = one of the last three amino acids at the carboxyl terminus of a protein (19) (20) (21) . This sequence motif is the substrate for a family of enzymes, termed prenyltransferases, which catalyze the covalent addition of a 15-carbon (farnesyl) or 20-carbon (geranylgeranyl) prenyl lipid onto the CXXX box cysteine. These prenyl lipids, the products of synthetic pathways originating with mevalonic acid, have been found to modify the CXXX boxes of a growing collection of proteins (19) (20) (21) . Prenylation of proteins such as Ras renders the modified protein more lipophilic and promotes its association with membranes. Molecular genetic mutation of large delta antigen's CXXX box cysteine→serine not only prevents prenylation of large delta antigen, but also abolishes large delta antigen's ability to form virus-like particles (VLPs) with HBsAg in vitro (22) .
The essential role of prenylation in HDV assembly suggests that disruption of this modification might form the basis for a novel anti-HDV strategy. Because the type of prenyl lipid found on delta antigen is farnesyl (23), farnesyltransferase inhibitors (FTIs), which target the transfer of fully formed farnesyl to substrates such as large delta antigen, represent attractive candidate drugs for this strategy. Precisely such compounds already have been developed to inhibit the farnesylation of Ras (24, 25) and in doing so prevent H-RasV 12 -mediated transformation of cultured cells (26) or Ras-dependent tumor growth in nude mice (27, 28) . The low-side effect profile of FTIs in phase I/II oncology trials (29, 30) suggests that these compounds originally developed as anticancer agents might have an entirely new application as antivirals for use against HDV and other viruses similarly dependent on prenylation (31) . Although in vitro studies with simple assembly models of HDV VLPs (32) or transfected cells (33) have been encouraging, the potential efficacy of FTIs as in vivo antivirals has been questioned. Moreover, practical animal models in which to evaluate such a strategy have been lacking. Besides being either endangered species or somewhat difficult to handle, the acquisition and maintenance costs of the chimpanzee or woodchuck models (34) limit the number of animals that can be used, affecting the statistical significance of any potential results. The relatively large size and genetic variability of these animals impose additional limitations for experiments that require reproducible host factors (35) or that are designed to study experimental compounds that are often expensive and synthesized in small quantities.
Here we established a new and convenient mousebased model of HDV that results in HDV viremia.
This model allowed us to directly test the hypothesis that prenylation inhibitors represent a novel class of potent in vivo antiviral agents.
Methods
Hydrodynamic transfections. HBV-transgenic FVB mice (36) or control FVB mice were injected with 25 µg total DNA in saline into the tail vein according to the method of Liu et al. (37) . HDV-encoding plasmids pCMV⋅HDVI(+) or pCMV⋅HDVIII(+), encoding 1.2-unit-length antigenomes of HDV genotypes I and III, respectively (38) , were injected along with pGEM4ayw.2×, which bears a head-to-tail dimer of the full-length HBV genome (33) , or plain vector pcDNA3 (Invitrogen Corp., Carlsbad, California, USA), which was used for control. With experience, adequate levels of intrahepatic delivery considered acceptable for analysis (10 6 genome equivalents of HDV RNA per microgram of liver RNA) could be routinely achieved (i.e., over 95% of the time). Alternatively, 2 µg of plasmid pBS.ApoE.HCR.hAATp.hFIX+IntA.bpA encoding human α 1 -antitrypsin (hAAT) (39) was coinjected. Serum hAAT levels determined by ELISA assay (40) on day 2 after transfection were then used to identify successfully transfected mice, because day-2 hAAT level was found to correlate with the amount of day-7 HDV RNA in the liver.
Northern blot analysis. Northern blot analysis was performed as described in Bordier et al. (33) . Briefly, glyoxalated RNA samples were migrated on 1.5% agarose gels, transferred, and UV cross-linked with a Stratalinker (Stratagene, San Diego, California, USA) to a charged Zeta-Probe (Bio-Rad Laboratories, Richmond, California, USA) nylon membrane. The latter was hybridized with an [α-32 P]UTP-labeled (3,000 Ci/mmol; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) riboprobe specific for HDV genomic sense RNA. The membrane was washed, dried, and exposed to BioMax-MR films (Eastman Kodak, Rochester, New York, USA) or to PhosphorImager (Molecular Dynamics, Sunnyvale, California, USA) plates.
Western blot analysis. Liver tissue samples were homogenized in lysis buffer (1× TBS with protease inhibitor cocktail; Boehringer Mannheim GmbH, Mannheim, Germany). After a 3-minute preclearing at maximum speed in an Eppendorf microfuge, supernatants were passed ten times through a 27-gauge needle. Following addition of an equal volume of 2× Laemmli sample buffer and incubation at 95°C for 5 minutes, aliquots were subjected to Western blot analysis essentially as described in Glenn et al. (22) . Briefly, samples were subjected to PAGE on 12% gels followed by transfer to nitrocellulose. Blots were probed with a primary human Ab to delta antigen (22) followed by an HRPconjugated anti-human secondary Ab (Promega Corp., Madison, Wisconsin, USA) and ECL detection reagent (Amersham Pharmacia Biotech).
Immunohistochemistry. Immunohistochemistry was performed as described in Ohashi et al. (40) . Briefly, formalin-fixed, paraffin-embedded liver sections were stained with a polyclonal human Ab against HDV delta antigen (22) as primary Ab at a dilution of 1:10,000. This Ab was detected by avidin-biotin complex immunoperoxidase technique and 3,3-diaminobenzine tetrahydrochloride development using an ABC Elite kit (Vector Laboratories, Burlingame, California, USA).
Sera processing. Blood samples were allowed to clot at room temperature for 2-3 hours, spun in an Eppendorf microfuge, and the sera transferred to new tubes for storage at -80°C until use. HDV virions in serum aliquots were either first pelleted through a 20% sucrose cushion as described (33) or directly extracted with 1 ml of TRIzol reagent (Invitrogen Corp.) in the presence of 1 µl of a Pellet Paint (Novagen, Madison, Wisconsin, USA) coprecipitant following the manufacturer's instructions. The resulting RNA pellets were resuspended in diethylpyrocarbonate-treated (DEPC-treated) sterile doubleddistilled water (ddH 2 O), treated for 1 hour at 37°C with RQ1 DNase (Promega Corp.), and extracted again with 1 ml TRIzol reagent. The final pellets were resuspended in DEPC-treated sterile ddH 2 O to the original volume of serum extracted.
RT-PCR. Limiting dilution reactions were performed with the one-step RT-PCR kit (GIBCO-BRL; Life Technologies Inc., Grand Island, New York, USA) using primers (synthesized by Operon, Alameda, California, USA) designed to yield the desired products only from closed circular genomic HDV RNA as found in virions as follows: HDV genotype I, primers 5′-GGAACTCGACTTATCGTCCCATTAG-3′ and 5′-ACATCAGGGGAAACCAGGGATTTCA-3′, which yield a 556-bp product; HDV genotype III, primers 5′-AGCAGTTCCCATAGTATGGGTTTACC-3′ and 5′-GGGACGCCTCGGCCCTTCCTTAGCA-3′, which yield a 540-bp product. RT-PCR reactions followed the program of 30 minutes at 55°C, 2 minutes at 94°C, and then 35 cycles of 30 seconds at 94°C, 1 minute at 60°C, 1 minute at 72°C, and a last extension step of 6 minutes at 72°C. A CsCl gradient-purified standardized inoculum produced in cultured Huh-7 cells (33) was used for positive controls and quantitation standards.
Southern blot analysis. Aliquots of RT-PCR reactions were migrated on 2% agarose gels, denatured 45 minutes in 1.5 M NaCl and 0.5 N NaOH, neutralized 30 minutes in 1.5 M NaCl, 0.5 M Tris-HCl, pH 7.2, 1 mM EDTA, and transferred and UV cross-linked to charged nylon membranes (Hybond-N + ; Amersham Pharmacia Biotech). The latter were hybridized 18 hours at 70°C in 5 ml of 5× SSPE (0.75 M NaCl, 0.05 M NaH 2 PO 4 , 5 mM EDTA, pH 7.0), 5× Denhardt's solution, 0.5% (wt/vol) SDS, 20 µg/ml salmon sperm DNA (Life Technologies Inc.), and a PCR-generated probe made with the same primers as the RT-PCR reaction, [α-32 P]dCTP (3,000 Ci/mmol, Amersham Pharmacia Biotech), and an appropriate HDV-encoding DNA template. Membranes were dried at 70°C and exposed as for Northern blots.
CsCl gradients. A pool of transfected mice sera (250 µl) was centrifuged on a CsCl gradient (1.14-1.40 g/cm 3 , 22 hours, 150,000 g, 4°C) with a Beckman SW41Ti rotor. Gradient fractions collected by bottom puncture were analyzed by refractometry and quantitative RT-PCR for HDV genomic RNA.
Drug treatments. FTI-277 and FTI-2153 were synthesized as described previously (41) . Aliquots were diluted into sterile saline to final concentrations of 6.25 mg/ml 1× carrier (5% DMSO, 0.5 mM DTT for FTI-277, and 5% DMSO for FTI-2153) immediately prior to the single daily intraperitoneal injections dosed at 50 mg/kg/d. Control mice received the same volume of 1× carrier in sterile saline. (42), we delivered plasmids capable of initiating HDV replication (33) by hydrodynamic transfection (37) to mice. HDV nucleic acid delivered in this manner can initiate apparently authentic replication cycles in mouse hepatocytes. In the absence of coexisting HBV, however, production of progeny HDV virus cannot occur, and no viremia is observed (42) . We reasoned that supplying a source of HBV envelope protein -such as by using an HBV transgenic mouse as recipient -could allow the completion of the HDV viral life cycle and lead to viremia.
Results

Establishment of HDV intrahepatic replication in HBV-
As seen in Figure 1a , Northern blot analysis of liver RNA shows that replicated HDV genomic RNA is readily detectable in the livers of HDV hydrodynamically transfected mice, but not in controls. Similarly, Western blot analysis revealed that delta antigen was abundantly expressed in the HDV-transfected mice, but not in controls (see Figure 1b) . This indicates the delivered HDV-encoding plasmid was able to successfully initiate HDV genome replication. The time course for appearance of replicating RNA (Figure 1c ) was similar to that observed in transfected cells in culture (12) and seen previously in mice transfected with HDV-encoding plasmids or RNA (42) .
To assess the percentage of cells supporting HDV replication, immunohistochemical analysis of liver sections for delta antigen was performed. As shown in Figure 1e , about 20-30% of hepatocytes displayed the characteristic nuclear staining pattern of HDV-infected cells. This percentage of HDV-positive nuclei is similar to that typically observed in liver biopsies of HDV-infected patients (43) and indicates that a relatively robust HDV burden is established in the livers of HBV-transgenic mice.
Interestingly, to date we have not observed a dramatic difference in ALT level between mice hydrodynamically transfected with HDV-encoding versus control plasmids. Also, our histopathologic evaluations reveal a less obvious cellular immune response than has been recently reported in mice hydrodynamically transfected with HBV (44) . Perhaps this reflects that the role of specific immunity may be less prominent in response to HDV than HBV (45) . Indeed, we did not detect specific anti-HDV Ab's in the serum of our hydrodynamically transfected mice (our unpublished observations).
Production of HDV viremia. We next wished to determine whether the replicating HDV RNA in the hepatocytes could be packaged with HBsAg envelope proteins into virions and released into the serum. For this we performed RT-PCR analysis with primers specific for virion circular genomic RNA on serum aliquots. The latter were taken from mice 2 days after transfections (when no viremia was yet expected) and upon sacrifice (when replicated HDV RNA was readily detected in the liver, as in Figure 1a ). As seen in Figure  2a (lanes 4, 6, and 8) , when replicated RNA and delta antigen are complemented with a source of their natural envelope protein, HBsAg, assembly and release of HDV virions into the mouse serum were readily detected. That no signal was yet detected on day 2 after transfection provides additional confirmation that the signal measured at later time points indeed reflects authentic viremia, as opposed to artifactual detection of residual input plasmid DNA. No HDV RNA was detected in mice injected with control vector or in non-HBV-transgenic recipients of HDVencoding plasmids. The RT-PCR-amplified DNA can be examined using Southern blots with HDV-specific probes to allow quantitation by PhosphorImager analysis for increased sensitivity. Typically, titers of 10 7 genome equivalents per milliliter are observed, and the assay is linear to our detection limit of 50 genome equivalents per reaction. Recently, with a newer vector (to be described in detail by the authors in a future publication), titers are an additional log higher (our unpublished observations).
We observe a good correlation between the level of intrahepatic replication and HDV virion RNA in the serum. To date, in the majority of hydrodynamically transfected mice most of the HDV RNA in the livers and serum is gone by day 21. At present, we do not know what factors are responsible for clearance of the virus or why residual HDV is present at later time points in some mice. For the period of time in the experiments presented here, however, the course of HDV replication is very reproducible and robust with easily detectable viral markers. Further evidence that the HDV RNA detected in serum is contained in true virions was provided by sedimentation analysis of HDV-positive mouse sera. Specifically, isopycnic banding of the mouse-produced virions in CsCl gradients (Figure 2b ) yielded a sedimentation profile characteristic of HDV virions derived from infected human patients (46) .
To our knowledge, this is the first demonstration of HDV viremia in an immunocompetent mouse, and the percentage of mouse hepatocytes expressing delta antigen is tenfold to 50-fold greater than reported for earlier, nonhydrodynamic, transfection-based mouse experiments (45) . This model thus represents an ideal system in which to test the hypothesis that HDV assembly in vivo is sensitive to prenylation inhibitors.
Prenylation inhibitors abolish HDV viremia. To this end, HBV-transgenic mice hydrodynamically transfected to initiate HDV viremia were treated with a single daily dose of prenylation inhibitor or vehicle control for 1 week. Serum aliquots were then analyzed for HDV virion RNA. Because delta antigen is modified by the prenyl lipid farnesyl (23), we chose to test two farnesyltransferase inhibitors, FTI-277 (47) and FTI-2153 (41) (see Figure 3) . FTI-277 is methylester prodrug of a Cys-Val-Ile-Met (the CXXX box of K B -Ras) peptidomimetic, wherein the dipeptide Val-Ile is replaced by 2-phenyl-4-aminobenzoic acid. FTI-2153 is a nonthiol containing peptidomimetic, wherein the tripeptide Cys-Val-Ile is replaced by an imidazole derivative of 2-(2-methylphenyl)-4-aminomethylbenzoic acid. Removing the thiol moiety obviates the need for a reducing agent to achieve activity. These compounds have been used successfully to inhibit the prenylation of Ras (41) . We chose to administer 50 mg/kg/d per mouse because this dose has been shown previously to inhibit farnesyltransferase function in mice (27) . (For a recent review of in vivo pharmacodynamics and efficacy of FTIs, see ref. 48) .
As shown in Figure 4a , while HDV viremia was readily detectable in mice receiving vehicle controls, we were unable to detect HDV virions in the serum of parallel cohorts of FTI-treated mice. Both compounds were effective in inhibiting viremia. As hypothesized, inhibition appeared to be at the prenylation-dependent step of virus assembly, since HDV RNA levels were comparable in the livers of all mice (see Figure 4b) . As a control for liver toxicity, serum ALT levels were also determined. As shown in Figure  4c , there were no significant differences in ALT levels between treated and control mice.
Before the initiation of treatment with FTIs, a pool of prenylated large delta antigen can accumulate. Because this pool is available to participate in virus particle assembly, we would predict that the efficiency of HDV clearance from the serum should be proportional to the length of treatment with prenylation inhibitor. As shown in Figure 4d , this is indeed the case. A 2-day course of therapy was associated with approximately 85% reduction in serum HDV titer as compared with mock-treated controls. By 4 days of treatment serum levels of HDV were reduced approximately 95%, and they were undetectable after 7 days of therapy.
Discussion
To enable an evaluation of the in vivo efficacy of prenylation inhibitors against HDV we established a novel mouse model of HDV that results in authentic HDV viremia. We then used this model to demonstrate the potent in vivo antiviral efficacy of two representative prenylation inhibitors. Indeed, despite a large intrahepatic burden of HDV, these compounds were able to completely clear HDV viremia to below the limit of detection. These results thus translate a previous in vitro observation (22) into what we believe to be a relatively dramatic and clear first in vivo confirmation of the potential of this novel class of antiviral agents.
Using the delivery technique of hydrodynamic transfection and HBV-transgenic mice as recipients, we sought to recapitulate several key aspects of HDV superinfection of human chronic carriers of HBV. A relatively high intrahepatic burden of HDV was achieved, as reflected both in the total amount of HDV RNA (Figure 1a ) and the percentage of infected cells (Figure 1e ) within the livers of recipient mice. By also providing the replicating HDV with a source of its natural envelope protein, we were able to observe the production and release of authentic HDV virions into the serum (Figure 2 ). Because HDV virion assembly in vitro is absolutely dependent on prenylation of the HDV large delta antigen protein, we hypothesized that administration of a specific inhibitor of the enzyme known to be responsible for delta antigen prenylation would result in abrogation of the HDV life cycle at the critical step of assembly and release into the serum. The presence of HDV viremia in our mouse model allowed us to test this hypothesis directly. When HDV-viremic mice were treated with either of two prenylation inhibitors at doses known to inhibit prenylation in vivo, rapid and efficient clearing of HDV from the serum was observed.
This model has several attractive features compared with other HDV animal models (34) . Because the mice are transgenic for HBV and therefore immunotolerant of these viral antigens, experimental HDV infection of these animals shares several important aspects with HDV superinfection of human chronic HBV carriers. As opposed to chimpanzees or woodchucks (34), the highly inbred nature of the mouse can help avoid problems such as the wide spectrum of liver disease observed among animals receiving a common inoculum (35) . Our mouse model may prove particularly useful for studying host responses to viral replication in the setting of limited animal-to-animal genetic variability and, by crossing with other strains, specific genetic backgrounds. Because the mice are inoculated with cloned DNA, we have the ability to introduce HDV genomes with any desired mutations or genotype and thereby evaluate the effect of the latter on infection or pathogenesis. Finally, in contrast to xenotransplanted immunodeficient mice (40) , the relative technical simplicity and low cost of this new model, coupled with the small size of the host animal, is ideal for experiments involving precious compounds available in only limited quantities.
As hypothesized, inhibition of HDV viremia appeared to be at the prenylation-dependent step of virus assembly and release, since intrahepatic HDV RNA levels were comparable in mice treated with drug or vehicle control. The observed clearance of viremia was not simply a nonspecific hepatotoxic effect of the FTIs because ALT levels were also comparable among treatment groups. Rather, as observed in HDV in vitro cell culture systems (32, 33) , it is a critical stage of the viral life cycle -the ability of replicated HDV RNA to be packaged and released in the form of progeny virions -that is specifically and dramatically disrupted by the prenylation-inhibiting compounds.
Our results support our initial hypothesis and demonstrate that prenylation inhibitors can indeed effectively inhibit HDV viremia. These results have obvious clinical relevance and importance for human HDV infections against which effective medical therapy has been lacking to date. In our mouse model, newly produced virions cannot infect new cells because the mouse is not a natural host for HDV. Presumably, mouse hepatocytes lack the receptor for HDV. In human HDV infections, however, the ability to break a critical step in the HDV life cycle, such as virus assembly and release, would be expected to have a major impact on the subsequent spread and course of HDV infection and associated liver disease. Our results now provide the experimental foundation for testing this hypothesis directly in a larger animal model whose hepatocytes are naturally permissive for HDV infection, such as the woodchuck (49) .
It is interesting to note that the antiviral strategy we have outlined represents a paradigm different from classical antiviral approaches, since we are not actually directly targeting a viral protein. Rather, the prenylation inhibitors are designed to deprive the virus access to a host function, namely farnesyltransferase activity. Thus, in contrast to traditional antiviral agents that bind a viral enzyme capable of mutating to develop resistance, it may prove to be particularly challenging for HDV to develop resistance to prenylation inhibition, especially because the relevant genetic loci are not under the virus' control. Moreover, because the farnesyl moiety on the delta antigen may act as a specific ligand (50), its function might not be readily substituted by another prenyl lipid such as geranylgeranyl.
Considering that farnesyltransferase is a host cell enzyme, it is surprising that FTIs are so well tolerated even in in vitro studies (51) . Perhaps this results from the existence of a family of prenyltransferase enzymes and the ability of different prenyltransferases to occasionally cross-prenylate substrates. It appears, however, that HDV is unable to benefit from either of these back-up mechanisms. It is exciting that orally available FTIs have been developed (29) and have been used in human phase I/II trials (52) with relative lack of toxicity.
Finally, our use of prenylation inhibitors as antiviral agents represents a prototype for an antiviral strategy that may be applicable to a wide variety of viruses that may also use prenylation in key aspects of their respective life cycles. These viruses include a collection of other medically important viruses (31), as well as potential agents of bioterrorism.
